We tested the efficacy of matrix-based fertilizers (MBFs) to reduce Escherichia coli and Enterococcus spp., NH 4 , NO 3 , dissolved reactive phosphorus (DRP), and total phosphorus (TP) in leachate and soil after dairy manure application in greenhouse column studies. The MBFs are composed of inorganic N and P in compounds that are relatively loosely bound (MBF8) to more tightly bound (MBF9) mixtures using combinations of starch, cellulose, lignin, Al 2 (SO 4 ) 3 18H 2 O, and/or Fe 2 (SO 4 ) 3 3H 2 O to create a matrix that slowly releases the nutrients. One day after the first dairy manure application, E. coli numbers were greater in leachate from control columns than in leachate from columns receiving MBFs. After three dairy manure applications, E. coli and Enterococcus spp. numbers in leachates were not consistently different between controls and columns receiving MBFs. When MBF8 was applied to the soil, the total amount of DRP, TP, NH 4 , and NO 3 in leachate was lower than in the control columns. Bermudagrass receiving MBFs had greater shoot, root, and total biomass than grass growing in the control columns. Grass shoot, root, and total biomass did not differ among columns receiving MBFs. Nitrogen and phosphorus bound to the Al 2 (SO 4 ) 3 18H 2 O or Fe 2 (SO 4 ) 3 3H 2 O-lignin-cellulose matrix become gradually available to plants over the growing season. The MBF8 and MBF9 formulations do not depend on organic or inorganic coatings to reduce N and P leaching and have the potential with further testing and development to provide an effective method to reduce N and P leaching from soils treated with animal waste.
solubility and can be bound relatively loosely (MBF8) to more tightly (MBF9) to the high-ionic-exchange compounds starchcellulose-lignin Al 2 (SO 4 ) 3 8H 2 O-Fe 2 (SO 4 ) 3 3H 2 O matrix. Initially, after MBF application to soil, the N and P compounds in the matrix mixture disassociate, but they are immediately bound to the Al 2 (SO 4 ) 3 18H 2 O or Fe 2 (SO 4 ) 3 3H 2 O-starchcellulose-lignin matrix. As the organic materials in matrix degrade, the ion bonding energies are altered, and N and P bound to the organic components become more or less available to plants. The N and P bound to both the organic and inorganic components can become more or less available with changes in soil moisture, soil water ion concentration, pH, redox, and CO 2 concentration.
The matrix-based formulations can be made to bind inorganic nutrients relatively loosely (MBF8) to more tightly (MBF9) by increasing the concentration of Al 2 (SO 4 ) 3 18H 2 O or Fe 2 (SO 4 ) 3 3H 2 O and by varying the amounts of starch, cellulose, and lignin in the matrix. When the matrix is applied to soil, microorganisms degrade the starch in the matrix more rapidly than cellulose. Lignin degrades the slowest and retains its ionic exchange sites for a longer time.
The MBFs do not contain nutrient-Cl compounds because in water, chlorine can react to form hypochlorous acid and hypochlorites (Öberg, 2002; Ayers, 1997) . All three species exist in equilibrium with each other, the relative amounts varying with the pH. In previous experiments, when Osmocote 14-14-14, a slow-release fertilizer (SRF), was applied to soils combined with Al 2 (SO 4 ) 3 18H 2 O and Fe(SO 4 ) 3 3H 2 O, 78 to 84% more NH 4 , 58 to 78% more TP, 20 to 30% more total reactive phosphorus (TRP), and 61 to 77% more dissolved reactive phosphorus (DRP) was leached through columns than when the MBFs were applied to the same soils (Entry and Sojka, 2007; . Total plant weight did not differ among fertilizer treatments. Arbuscular mycorrhizal infection did not differ among plants receiving SRF and MBF formulations. Entry and Sojka (2008) found that in three soil textures the SRF leachate contained a higher amount of NH 4 , NO 3 , and TP than leachate from MBF formulations.
Wheat plants growing in soils receiving SRF had greater shoot, root, and total biomass than all MBF formulations. In greenhouse column studies, tested the efficacy of matrix-based fertilizers (MBFs) with and without additional Avail (Simplot Corp., Boise, ID), a commercial SRF, to improve Kentucky bluegrass (Poa pratensis L.) growth while reducing NH 4 , NO 3 , DRP, TRP, and TP leaching compared with the commercial fertilizers. They found that when MBF6 and MBF7 were applied to soils, the amount of NO 3 and NH 4 leached from columns was less than when Polyon and Environmentally Smart Nitrogen (ESN) fertilizers (Agrium Inc., Sylacauga, AL) were applied to the same soils. The MBF6+ Avail or MBF7+Avail fertilizers leached 64 to 68% less NO 3 than Polyon (43-0-0) and ESN (46-0-0) and 73 to 76% less TRP and TP than Avail (10-34-0). Shoot and root biomass were greater when plants received the Avail, MBF6+Avail, and MBF7+Avail fertilizers than the other fertilizer treatments. Shoot biomass was greater when plants received the MBF6 and MBF7 high-rate fertilizers than the MBF6 and MBF7 low-rate Polyon and ESN fertilizers. The MBFs have not been previously evaluated for their efficacy to reduce the bacterial pathogen indicators Escherichia coli and Enterococcus spp. and N and P leaching from animal manure applied to soil. In this study, our objectives were to evaluate various MBF formulations for plant performance and prevention of nutrient losses in leachate while quantifying the impact of the MBF formulations on microorganism transfer through soil receiving dairy waste. Specifically, we determined whether MBF8 containing Al 2 (SO 4 
Materials and Methods

Fertilizer Treatments and Dairy Manure Application
The MBF formulations comprised inorganic N and P compounds and inorganic chemicals combined with starch, cellulose, and lignin (Sigma, St. Louis, MO). Each 78.54-cm 2 column received three separate applications of 50 g wet weight (12.1 g dry weight) of solid dairy manure. The application was equivalent to 15.4 Mg ha -1 and contained 10.1 g N kg -1 and 2.7 g total P kg -1 dry manure, which was equivalent to 155 kg N and 42 kg P ha -1 or a total of 466 kg N and 125 kg P ha -1 (366 mg N and 98 mg P column -1 ) in the three manure applications (Table 1) . Treatment 1 was a control whereby each column received the three separate applications of 50 g wet weight of solid dairy manure but no inorganic fertilizer. Treatment 2 was dairy manure applied over MBF8 applied at a rate of 138 mg N and 240 mg P column -1 , which equates to 176 kg N ha -1 and 306 kg P ha -1
. Treatment 3 was dairy manure applied over MBF9 at a rate of 97 mg N and 214 mg P column , which equates to 123 kg N ha -1 and 272 kg P ha -1
. Treatments 4 and 5 were MBF8 and MBF9, respectively, with ferric citrate replacing Al 2 (SO 4 ) 3 18H 2 O and Fe 2 (SO 4 ) 3 3H 2 O. Fertilizer treatments were broadcast applied and mixed with the top 5 cm of soil.
Column Description
A screen with 2-mm wire spacing was cut into squares (125 × 125 mm) and secured at the bottom of each 10-cm diameter × 30-cm long polyvinyl chloride cylinder. A 10-cm-diameter polyvinyl screen with 0.10-mm mesh was placed on the bottom of each cylinder (Fig. 1) . A 14-cm diameter funnel was placed below each column in the rack and secured. Three kilograms of soil were placed in each column, which were filled to 25 cm, leaving a 5-cm space at the top of each column. Soil in columns was loosely packed and then repeatedly washed with reverse osmosis water to flush nutrients that could be loosely held to soil particles. Columns were allowed to drain for 1 h before the start of leachate collection as described below. The soil was a coarse-loamy sand and classified as a mixed non-acid, mesic Xeric Torriorthents. Soil physical and microbiological properties are presented in Sojka et al. (2005) and Entry et al. (2004) .
Experimental Design
The experiment was arranged in a completely randomized design (Kirk, 1995) with 5 fertilizer treatments × 9 replications (i.e., a total of 45 columns planted with Bermudagrass [Cynodon dactylon var. dactylon (L.) Pers.]). Fifty grams wet weight of dairy manure was applied to each column 38, 74, and 101 d after fertilizer placement and planting. We collected leachate to quantify E. coli and Enterococcus spp. in leachate at 39, 75, 102, and 129 d after fertilizer placement and planting to give a total of 180 samples. Seven days after manure application, we quantified E. coli and Enterococcus spp. using methods described below. We collected one 2.5-cm-diameter core to a 5-cm-depth sample from each column at 45, 81, and 108 d after fertilizer placement and planting for a total of 135 samples. We collected leachate to quantify DRP, TP, NH 4 , and NO 3 at 31 (7 d before manure application), 39, 75, and 102 d after fertilizer placement and planting in a total of 135 samples. We collected leachate 129 d after fertilizer placement and planting to quantify K, Ca, Mg, Mn, Fe, S, Al, Na, and Zn, in a total of 45 samples.
Fertilizer Placement, Growing Conditions, and Harvest
The MBF formulations were added as a powder and broadcast into the top 5 cm of soil. Columns that did not have MBF treatments were considered controls (Table 1) . We then placed a 2 cm × 2 cm starter patch (approximately 10 g) of Bermudagrass on top of each column. Plants were given 100 mL of water daily to maintain field capacity of the soil. Leachate did not flow through columns when 100 mL water was applied. We collected leachate by giving plants 500 mL reverse osmosis water on the above-stated days in lieu of the 100 mL daily reverse osmosis water. On each sampling day, approximately 200 mL of leachate was collected from each column. Subsamples were analyzed for E. coli, Enterococcus spp., NO 3 , NH 4 , DRP, and TP as described below. In a greenhouse, plants were exposed to light having a photosynthetic active radiation of 400 to 1000 µmol m -2 s -1 and a 14-to 16-h photoperiod. At harvest, plants were removed from the columns and separated into roots and shoots. Roots were washed in reverse osmosis water until all visible soil particles were removed. Shoot and tissues were dried at 80°C for 48 h and weighed for biomass.
Escherichia coli and Enterococcus spp. Procedures
Leachate was collected and analyzed for E. coli and Enterococcus spp. 1 d after each manure application at 39, 75, and 102 d after planting. Leachate was also collected and analyzed on Day 129, which was 7 d after the last manure application after planting and 30 d after the last dairy manure application. Leachate was collected and stored in sterile 125-mL bottles and prepared for coliform testing within 24 h of collection (APHA, 1998) . Samples were stored at 4°C (Trabue et al., 2006; Stenberga et al., 1998) to minimize the effects of storage on microbial activity. Escherichia coli and Enterococcus spp. were analyzed with the membrane filter technique (APHA, 1998). One milliliter of water was diluted in a series of 2 to 5.
A 2.5-cm-diameter core of soil was taken to 5.0 cm depth in each column and analyzed for E. coli and Enterococcus spp. 7 d after each manure application (45, 81, and 108 d after planting). A 0.1-g subsample of soil was used to determine gravimetric water content. To enumerate soil bacterial populations, a 1-g subsample was placed in 99 mL of Butterfield's buffer (APHA, 1998) in a 160-mL dilution blank and shaken for 20 min on a rocking platform shaker at 100 revolutions per minute. The blanks were removed and further diluted to 10 -2 to 10 -5 with Butterfield's buffer. Escherichia coli and Enterococcus spp. were analyzed with the membrane filter technique (APHA, 1998) . A 100-mL sample of the final dilution of each sample was vacuum filtered through a sterile 0.45-µm filter and placed on mTEC medium to enumerate E. coli or mEnterococcus medium to enumerate Enterococcus spp. Escherichia coli were incubated at 44.5 ± 0.2°C for 24 h; Enterococcus spp. were incubated at 45.0 ± 0.2°C for 24 h.
Chemical Analysis
Nitrate and NH 4 in leachate were determined using a Lachat Automated Ion Analyzer (Quickchem 8000 Systems, Milwaukee, WI) using the method as described in APHA (1998). Total P and DRP in leachate were prepared by digesting 25-mL aliquots in an autoclave at 103.5 kPa and 121°C for 60 min with 4.0 mL acidified ammonium persulfate and TP and DRP concentrations were determined by the molybdenumblue method (APHA, 1998) . At harvest, root and shoot material were dried at 65°C for 72 h, weighed, and ground to pass a 1-mm mesh. A 0.50-g subsample was analyzed for total N with a LECO CHN-600 nitrogen analyzer (St. Joseph, MI). A 0.25-g subsample was ashed at 500°C, dissolved in 25 mL of 1.0 mol L -1 HCl, brought to 50 mL volume with reverse osmosis water, and analyzed for P, K, Ca, Mg, Mn, Fe, Cu, B, and Zn using an inductively coupled plasma emission spectrometer (PerkinElmer, Boston, MA). One 1.0-cm diameter × 5.0-cm depth soil core from each column was dried at 105°C for 24 h and passed through a 2-mm sieve. Total N was determined using standard microkjeldahl procedures modified for NO 3 (Bremner, 1996) . A 2-g subsample of each soil sample was extracted using Mehlich III procedures and analyzed for Mn, Fe, Al, Si, S, and Zn. These were determined using inductively coupled plasma emission spectrometry.
Statistical Analysis
All data sets were tested for normal distribution and analyzed using general linear model procedures for a completely random design with Statistical Analysis Systems (SAS Institute Inc., 2001) . In all analyses, residuals were equally distributed with constant variances. Differences reported throughout are significant at p £ 0.05 as determined by the least squares means test.
Results
Escherichia coli and Enterococcus spp.
The general linear model models of E. coli, Enterococcus spp., DRP, TP, NO 3 , and NH 4 , leached for fertilizer type × sample day, were significant, so statistical comparisons of the above parameters are presented for fertilizer type × sample day (Kirk, 1995; Snedecor and Cochran, 1994) . One day after the first dairy manure application, E. coli numbers were greater in leachate from control columns than in leachate from all MBF treatments except MBF9-ferric citrate (Table 2) . One day after the first dairy manure application, Enterococcus spp. numbers were greater in leachate from control columns than in leachate from all MBF treatments. One day after the second dairy manure application, E. coli numbers in leachate from control columns were greater in MBF8, MBF9, and MBF8 ferric citrate. One day after the second dairy manure application, Enterococcus spp. numbers were greater in control columns than in columns receiving MBF8. Twenty-eight days after the third dairy manure application (Day 129), E. coli numbers in leachate from control columns were greater than columns receiving MBF8, MBF9, and MBF9-ferric citrate. Twenty-eight days after the third dairy manure application (Day 129), Enterococcus spp. numbers in leachate did not differ among control columns and columns receiving MBF treatments. Seven days after the first dairy manure application, E. coli and Enterococcus spp. numbers in the top 5 cm of soil were greater in control columns than in columns receiving MBF treatments (Table 3) . Seven days after the second and third dairy manure applications, E. coli numbers in soil did not differ among treatments. Seven days after the second and third dairy manure applications, Enterococcus spp. numbers were greater in soil from control columns than in soil from all MBF treatments with MBF8 ferric citrate.
Nutrients Leached
Among MFB treatments, the amounts of DRP and TP leached from the columns were inconsistent and more variable than the amounts of NH 4 and NO 3 leached from columns. One day after the first dairy manure application, the DRP and TP concentrations in leachate were lowest from columns receiving MBF8, MBF9, and MBF9 ferric citrate than columns receiving MBF9 ferric citrate and the controls (Table 4) . One day after the second dairy manure application, TP concentrations in leachate were lowest in columns receiving MBF8 and MBF9. One day after the third dairy manure applications, DRP and TP concentrations in leachate were lowest in columns receiving MBF8 and MBF9. One day after the first, second, and third dairy manure applications, NO 3 concentrations in leachate were lowest from columns receiving the MBF treatments than the controls (Table 5) . One day after the first and second dairy manure applications, NH 4 concentrations in leachate were lower from columns receiving the MBF8 and MBF9 treatments than the controls. The total amount of NO 3 in leachate was less from columns receiving the MBF treatments than the controls. The total amount of NH 4 in leachate was less from columns receiving the MBF8 and MBF9 treatments than the controls. The total amount of NO 3 , NH 4 , DRP, TP leached per milligram of plant growth was greater from controls than from columns receiving the MBF8, MBF9, and MBF8 ferric citrate treatments (data not shown). The total amount of DRP, TP, NO 3 , and NH 4 leached was greater from controls than from columns receiving the MBF treatments. Calcium, Mg, Mn, Fe, Al, and Zn concentrations did not differ in water leached from MBFs and the control columns (data not shown). The concentration of K was higher in water leached from the controls than from MBF columns. Sulfur concentrations were highest in water leached from the MBF8 and MBF9 columns.
Plant Growth and Nutrient Use
Bermudagrass receiving MBFs had greater shoot and root weight than grass growing in the control columns (Fig. 1) . Shoot and root weight did not differ among grass receiving MBF treatments. Plant and shoot growth per milligram of N applied also did not differ among MBF treatments and controls (data not shown). Grass receiving the control treatments had greater plant growth per milligram of P applied than the MBF8, MBF9, and MBF8 ferric citrate treatments. The control treatment had greater plant and shoot growth per milligram of P applied to columns than grass receiving the MBF8 or MBF8 ferric citrate. Bermudagrass receiving MBF8 ferric citrate contained a lower N concentration in shoot tissue than grass receiving all other fertilizers and the controls (data not shown). Bermudagrass receiving MBF8 ferric citrate and MBF9 ferric . § Escherichia coli and Enterococcus spp. populations were transformed using logarithms to achieve normal distributions; E. coli and Enterococcus spp.
populations are reported in untransformed numbers. ¶ In each column, values followed by the same letter are not significantly different as determined by the least square means test (p < 0.05; n = 9). . § Escherichia coli and Enterococcus sp. populations were transformed using logarithms to achieve normal distributions; E. coli and Enterococcus sp.
populations are reported in untransformed numbers. ¶ In each column, values followed by the same letter are not significantly different as determined by the least-square means test (p < 0.05; n = 9).
citrate contained higher shoot P concentrations than grass receiving MBF8, MBF9, and the control treatment. Grass that did not receive fertilizer had greater shoot Ca, Mg, Fe, Al, and Na concentrations than grass receiving MBFs. Grass that did not receive fertilizer had greater root N and Mg concentrations than grass receiving MBFs (data not shown). Root P, K, Ca, Mn, Fe, Na, and Zn did not differ among grass that did not receive fertilizer and those that received MBFs.
Discussion
After one application of dairy manure, the MBFs reduced E. coli and Enterococcus spp. numbers in leachate and soil compared with the control. However, this difference was lost after three dairy manure applications of 15 Mg ha -1 yr -1
, when E. coli and Enterococcus spp. numbers in leachate were highly variable and did not differ from the control treatment in leachate or soil. One application of 15 Mg ha -1 yr -1 dairy manure to soil is commonly applied to soil for fertilization (USEPA, 1998) . The physicochemical properties of bacterial surfaces, such as hydrophobicity, roughness, charge, and elasticity, affect their adherence to organic and inorganic particles (Boks et al., 2008; Korenevsky and Beveridge, 2007; Walker et al., 2007; Li and Logan, 2004) . Bacteria often have charged surfaces and therefore can be held on the starch-cellulose-lignin-Al 2 (SO 4 ) 3 18H 2 O and/ or Fe 2 (SO 4 ) 3 3H 2 O matrix, reducing their likeliness to leach into ground water or run off with surface water compared with dairy manure directly applied to soil without added MBF. Higher concentrations of Al and Fe in soils can increase the adhesion of negatively charged bacteria to surfaces, primarily due to the positive ionic charge (Lee et al., 2008; Neal et al., 2005; Li and Logan, 2004; Mills et al., 1994) .
The ability of MBFs to retain bacteria diminished with successive manure applications. One day after the first dairy manure application, E. coli numbers were higher in soil from control columns, which did not have MBF fertilizers applied, than in soil from all MBF treatments. However, after the second and third dairy manure applications, E. coli numbers soil were highly variable and did not differ among treatments. The need to dispose of large amounts of manure from confined animal feeding operations often results in excessive application of manure to soils, with inadequate regard for pathogen or nutrient loading. Such high manure application rates would likely also overload the ability of MBFs to bind enteric microorganisms.
Decreased E. coli and Enterococcus spp. survival in the soil may be related to the Al 2 (SO 4 ) 3 and lignin components in the MBFs. Several studies have shown that the addition of Al 2 (SO 4 ) 3 to animal waste reduced the survival of pathogenic bacteria Rothrock et al., 2008; . Lignin has also been reported to inhibit the growth of pathogenic enteric bacteria in animal feces (Baurhoo et al., 2008; . Lignin inhibited E. coli and Enterococcus spp. Table 4 . Dissolved reactive phosphorus (DRP) and total phosphorus (TP) in reverse osmosis water leached through columns of a sandy loam soil after application of matrix-based fertilizers (MBFs) and three applications of 15 Mg solid dairy manure ha . § In each column, values followed by the same letter are not significantly different as determined by the least square means test (p < 0.05; n = 9). survival in manure-amended soils where application rates were not excessive (Baurhoo et al., 2007; Pan et al., 2006) or altering the microbial ecology of soil (Chu et al., 2007; Larkin et al., 2006; Sun et al., 2004; Peacock et al., 2001) .
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Survival of bacterial pathogens in soil increases when the soil is moist and temperatures are warm (Entry et al., 2000a; 2000b) . After land application of animal waste, the opportunity for transfer of these organisms from soils to surface water and ground water and ultimately to humans depends in part on their ability to survive in the soil environment. Enteric bacteria may be transferred from manure-amended soil to leaf and root vegetables (Franz et al., 2005; Islam et al., 2004; Ingham et al., 2004) . Several studies have found enteric bacteria on or inside a wide variety of vegetables grown in soils amended with animal waste or irrigated with waste water Ingham et al., 2004; Gagliardi et al., 2003; Seto and Frank, 1999; Hara-Kudo et al., 1997) . Salmonella spp., Listera spp., and E. coli O157:H7 on ready-to-eat salad vegetables and fruits caused several disease outbreaks (Sagoo et al., 2003; Del Rosario and Beuchat, 1995) . Our findings suggest that the addition of MBFs may reduce the incidence of pathogens on ready-to-eat vegetables.
An important requirement for slow-release fertilizers is that they do not inhibit plant growth while minimizing N and P leaching. Bermudagrass receiving MBFs had greater shoot, root, and total biomass than grass that did not receive fertilizers. Grass that did not receive MBFs had greater shoot Ca, Mg, Fe, Al, and Na concentrations. This occurred partially due to a dilution effect caused by the greater biomass of the grass receiving MBFs, which reduced the concentration of some of these nutrients in the plant tissue. When plants received MBFs, Al and Fe concentrations in plant shoots or roots were not different than plants that received dairy manure. Nor did Al and Fe appear to inhibit shoot or root growth. We analyzed mg nutrient leached mg -1 plant growth to compare the benefit of plant growth with potential damage of nutrient loading to surface and ground waters on a more equal basis. All MBF fertilizers reduced the amount of DRP, TP, NO 3 , and NH 4 leached relative to the amount of the nutrient applied compared with the control treatment by at least a factor of 10.
The use of animal manures as fertilizer can be expected to contribute excess N and P to surface and ground water because form and quantity of nutrients, nutrient mineralization rates, and microbial activity in any specific waste source cannot be consistently predicted. The form and quantity of N and P in animal manures can be highly variable (Vanotti and Szogi, 2008; Bradford et al., 2008; Burkholder et al., 2007; He et al., 2006 ) and varying mineralization rates exacerbate the uncertainty because the nutrient loads and species compositions from animal manure can vary widely (Muñoz et al., 2008; McDowell et al., 2008; Habteselassie et al., 2006) . Nitrogen and P mineralization rates in animal waste applied to soils are affected by the frequency and amount of waste application, amount and form of C in the waste, amount and form of nutrients in the waste, microbial biomass and microbial communities, and edaphic factors (Bradford et al., 2008; Burkholder et al., 2007; Habteselassie et al., 2006; Eghball, 2002) . Repeated application of animal manure to soils is a recognized contributing factor to surface water eutrophication (Vanotti and Szogi, 2008; Bradford et al., 2008; Burkholder et al., 2007) .
Nutrient availability and leaching from MBFs with dairy manure is expected to be controlled to a large degree by varying the relative amounts of starch-cellulose-lignin matrix with Al 2 (SO 4 ) 3 18H 2 O and/or Fe 2 (SO 4 ) 3 3H 2 O in the mixture. We cannot directly compare the rate of nutrients applied because the nutrients applied to the soil contained within a soil environment altered by the starch-cellulose-lignin-Al 2 (SO 4 ) 3 18H 2 O and/or Fe 2 (SO 4 ) 3 3H 2 O matrix and the fact that the nutrients applied are not in the same form as conventional fertilizers, commercially available slow release fertilizers, or dairy manure applied directly to the soil. When dairy manure is applied to soil, a substantial portion of the N and P is soluble and immediately available to the plant. Unfortunately, these nutrients are also immediately available for leaching. The amount of the nutrient that is not taken up by plants can be, and often is, leached. When MBFs are applied, much of the excess N and P are temporarily held on the starch-cellulose-ligninAl 2 (SO 4 ) 3 18H 2 O and/or Fe 2 (SO 4 ) 3 3H 2 O exchange until they can be taken up by plants, and therefore less are readily leached. Because the form and quantity of nutrients in animal manures are variable, nutrient release via mineralization of compounds affected by the amount of water a field receives as rainfall can be unpredictable (Muñoz et al., 2008; McDowell et al., 2008; Habteselassie et al., 2006) . Therefore, even if agricultural managers were to apply animal waste at rates anticipated for plant P requirements over a growing season, substantial amounts of N and P could be leached. Applying animal waste over MBFs could allow farm operations much more flexibility with regard to the amount and timing of the animal waste application.
Our experience with developing various MBF formulations has shown that the concept of adding chemical fixing and organic ion exchange compounds to specific nutrient formulations can be highly effective at reducing the leaching of nutrients and possibly pathogenic bacteria. Further development is needed to test the MBF formulations to optimize plant growth and productivity in different soil types. The starch-cellulose-ligninAl 2 (SO 4 ) 3 18H 2 O and/or Fe 2 (SO 4 ) 3 3H 2 O matrix of the MBFs alter the ion exchange of a soil, and nutrients applied are not in the same form as conventional fertilizers, slow-release fertilizers, or dairy manure. Therefore, the rate of nutrients applied among these fertilizer types cannot be readily compared using simple rate of application comparisons, and site-specific trials are required for new soils and climates.
Conclusions
These new MBFs may be able to reduce E. coli, Enterococcus spp., and nutrient leaching from animal waste applied to agricultural lands. The MBFs must be formulated to equal or improve plant growth relative to commercial fertilizers. Although further greenhouse and field testing is necessary, results of this and previously published initial investigations are promising.
Cost estimates for these MBF fertilizers have been calculated to be $0.03 to 0.08 kg -1 above the cost of conventional fertilizers. One of the main goals of future research should be to reduce the cost of MBF production. Matrix-based fertilizers initially may be economically feasible for use by homeowners on their lawns, by golf course and turf grass managers, or by growers of high-value nursery or agricultural crops. The MBF formulations could prove particularly important for soils whose surface or internal drainage affects the water quality of sensitive ecosystems.
